We study the Rayleigh scattering of linear alkylbenzene which will be the solvent of the liquid scintillator in the central detector of the Jiangmen Underground Neutrino Observatory. Our study for the first time shows that the Rayleigh scattering of linear alkylbenzene is anisotropic so that the Rayleigh scattering length will be much shorter than the reported one. Therefore the transparency of the linear alkylbenzene will be much better than expected and then satisfy the requirement of the neutrino mass hierarchy measurement.
I. INTRODUCTION
After the precise measurement of non-zero neutrino mixing angle θ 13 by Daya Bay reactor neutrino experiment 1,2 , Jiangmen Underground Neutrino Observatory (JUNO) has been approved to determine the neutrino mass hierarchy (i.e. the sign of ∆m 2 31 or ∆m 2 32 ) by the medium baseline vacuum oscillations of reactor antineutrinos 3, 4 . The central detector of JUNO is a large liquid-scintillator (LS) spherical detector whose diameter is about 35 m. The LS would be composed of linear alkylbenzene (LAB) as the solvent, 2,5-diphenyloxazole (PPO) as the fluor and 1,4-bis [2-methylstyry] benzene (bis-MSB) as the wavelength shifter. The antineutrino can be detected via the inverse beta decay reaction ν e + p → e + + n. To determine the neutrino mass hierarchy, the energy resolution of JUNO needs to be 3%/ E e + [MeV], i.e. about 1200 photon electrons per MeV 3 . Since the scintillation photons generated in LS have to transmit several tens of meters to the photomultipliers (PMTs), the unprecedented level of the energy resolution demands dramatically the high transparency of LS in such a big detector 5 . If multiple scattering is negligible, the photons of a beam of light will be exponentially attenuated from N 0 to N after transmitting a distance x in a liquid, that is
where L is the attenuation length. The attenuation of the scintillation light is the result of both processes of absorption and scattering 6 , which can be described by a) xiangzhou@whu.edu.cn the following formula,
where L abs and L sca are the absorption length and scattering length, respectively. The wavelength of the scintillation light produced in the solvent will be red-shifted and far away to the absorption region of LAB by PPO and bis-MSB 7 . The process of absorption would transfer the energy of scintillation light finally into heat so that the corresponding photons would vanish and then could never be detected. Whereas the process of scattering would only change the transmitting directions of photons which might still arrive at PMTs in a 4π detector. Thus the high transparency of LS demands a large absorption length of the solvent for the scintillation light. It is difficult to directly measure the absorption length of liquids. A well-known indirect absorption length measurement routine is to derive the absorption length from the attenuation length and the scattering length by using Eq. (1) 8 . The attenuation of LAB has been measured by using a long pipe system [9] [10] [11] . In this paper, we study the Rayleigh scattering of LAB. Section II gives the theory of light scattering by liquids. Section III and VI give the results of LAB and discussion.
II. THEORY OF LIGHT SCATTERING IN LIQUIDS
LAB in JUNO must not only be dust-free but also clean of organic impurities that might feature absorption bands in the wavelength region of interest. Thus the light scattering in LAB will be the Rayleigh scattering. The Rayleigh scattering can be characterized by the volume scattering function β(θ) 12 ,
where I(θ) is the intensity of scattered light in the direction θ, I 0 is the intensity of incident light, r is the distance from the scattering center and V is the scattering volume. The Rayleigh scattering length l Ray is the reciprocal of the integral of the volume scattering function β(θ) over the solid angle
The intensity of scattered light I(θ) can be divided into two parts in the scattering plane
where I and I ⊥ are the parallel and perpendicular parts of the scattering intensity, respectively. The angular distributions of the scattering intensity generally are
where A and B are the measurable quantities. The polarization of scattered light at 90
• can be characterized by the depolarization ratio δ which is
It is convenient to define the Rayleigh ratio R as the volume scattering function β(θ) at 90
• ,
Then the volume scattering function β(θ) of the Rayleigh scattering is
According to Eq. (3), the Rayleigh scattering length l Ray can be determined by
Eq. (9) shows that the Rayleigh scattering should be characterized by not only the Rayleigh length or the Rayleigh ratio but also the depolarization ratio. For isotropic liquids the depolarization ratio is zero, the Rayleigh scattering can be characterized only by the Rayleigh length. Einstein 14 and Smoluchowski 15 had developed a phenomenological theory which is applicable to the light scattering in condensed isotropic liquid. If the liquid is perfectly uniform, scattering will be completely eliminated by destructive interference except in the forward direction 16 . However, a liquid could not be uniform. The local density of a liquid is constantly fluctuating because of the thermal motions of molecules. Since the local density fluctuations are random, the scattering from these fluctuations is therefore incoherent and additive to the scattered radiation. According to the EinsteinSmoluchowski theory, the Rayleigh ratio of isotropic liquids R iso can be expressed by
where λ is the wavelength of the scattered light, ρ is the density of liquid, ε is the average dielectric constant of the liquid, k is the Boltzmann constant, T is the temperature, and κ T is the isothermal compressibility. Cabannes had shown that the ratio of R and R iso could satisfy
where R iso could be treated as the isotropic part of the total Rayleigh ratio R. It is common to use empirical expressions to calculate ρ(∂ε/∂ρ) T . For organic liquids, it had been shown that the Eykman equation describes ρ(∂ǫ/∂ρ) well [22] [23] [24] [25] . The Eykman equation is
Therefore, the Rayleigh length of liquids can be determined by the so-called Einstein-Smoluchowski-Cabannes formula
III. RAYLEIGH SCATTERING LENGTH AND DEPOLARIZATION RATIO FOR LINEAR ALKYLBENZENE
According to the Einstein-Smoluchowski-Cabannes formula, the Rayleigh scattering length of LAB for the incident light with the wavelength λ at the temperature T can be determined if one can obtain the corresponding isothermal compressibility κ T , refractive index n and depolarization ratio δ. The wavelength of 430 mn has been usually chosen as a criterial one because the maximum intensity of emission spectrum of LS is around it 7 . The isothermal compressibility κ T of LAB can been obtained from its density equation of state ρ = ρ(T, p) by
where p is the pressure. The density equation at constant temperature can be obtained by fitting the equation of state
The density of LAB at 23
• C has been measured by a vibrating tube densimeter 27 at 8 different pressures. The isothermal compressibility of LAB at 23
• C is 7.743±0.035×10 −10 Pa −1 at the standard atmosphere 29 . The refractive indices of 5 different wavelengths of LAB has been measured by the V-Prism refractometer at the National Institute of Metrology, China (Table I ). The dispersion can be parameterized by the Sellmeier equation
where B and C is the fitting parameters. The refractive index of LAB is 1.49829±0.00026 at 430 nm. It had been shown that refractive indices changed less than 0.001 per degree Celsius 30 . Thus one can assume the refractive index of LAB from 19
• C to 23
• C to be 1.498±0.004 at 430 nm. RENO collaboration has also reported the refractive indices of LAB measured at six wavelengths in the range between 400 nm and 630 nm by the minimum deviation technique at room temperature 31 . By fitting the above formula the result is 1.49623±0.00180 at 430 nm which agrees with the assumption. Many organic liquids, such as benzene, toluene, and n-Alkanes, have large depolarization ratios 30, 32, 33 . The depolarization ratio of LAB might not be negligible. According to Eq. (6) the depolarization ratio δ could be obtained if the parallel and the perpendicular scattered intensity at 90
• were measured. Recently the scattering experiments for several solvents of LS include LAB at 430 nm has been done 35 . The parallel and the perpendicular intensities has been measured at 4 angles (θ = 75
• , 90
• , 105
• and 120
• ) in the scattering plan where the incident light is the unpolarized 430 nm one generated by a LED. The depolarization ratio of LAB at 430 nm can be derived from the published data 35 . Then the Rayleigh scattering length can be calculated by the Einstein-SmoluchowskiCabannes formula.
In previous scattering experiments 35 , the measurable quantity corrected by Monte Carlo simulations is Q(θ) which can be divided into two parts in the scattering plane.
where Q and Q ⊥ are the parallel and perpendicular parts of Q(θ). The angular distributions of Q and Q ⊥ are
where Q an and Q is are the fitting parameters. The analogy between Eq. (5) and (18) indicates the anisotropy of the Rayleigh scattering of LAB. It can be shown that Q(θ) = 4πβ(θ). The depolarization ratio can be written as
Moreover, the Rayleigh scattering length of LAB at 430 nm can also be obtained by
The factors in front of Q an and Q is are originated from the integral in Eq. (3) over solid angle. The Rayleigh length given by Eq. (13) and Eq. (20) can be crosschecked by each other. The values of the fitting parameters Q an and Q is with their uncorrelated uncertainties can be derived from the published experiment data. And then the depolarization ratio and the Rayleigh scattering length of LAB at 430 nm can be obtained. The results have been shown in Table II . The depolarization ratios and the Rayleigh scattering lengths at 430 nm of three brands of LAB are the same within the margin of the error. The average depolarization ratio is 0.31±0.04, and the average Rayleigh scattering length is 27.0±2.3 m. According to the Einstein-Smoluchowski-Cabannes formula, the Rayleigh scattering length at 430 nm is 28.5±2.3 m at 23
• C. The precision of the Rayleigh scattering length is limited by the uncertainty of the depolarization ratio which could be improved much by the relative measurement 36 . The results are summarized in Table III . The Rayleigh lengths of LAB at 430 nm derived by Eq. (13) and Eq. (20) are consistent with each other within the margin of error.
IV. DISCUSSIONS AND CONCLUSIONS
When the depolarization ratio is small and negligible, such as those of water and rare-gas liquids, the Rayleigh scattering lengths of liquids can be determined independent of any light-scattering measurement by using the Einstein-Smoluchowski theory. It has been used to calculate the Rayleigh scattering length for the rare-gas liquids which can be used in the detectors of solar neutrinos and dark matter 37 and for the water in Cherenkov detectors which can be used to detect atmospheric neutrinos. However, the depolarization ratio of LAB can not be negligible. The angular distribution of the Rayleigh scattering depends on the depolarization ratio so that the Rayleigh scattering of LAB is anisotropic.
The Rayleigh scattering lengths of LAB has been obtained not only by the Einstein-Smoluchowski-Cabannes formula but also by the data from the previous scattering experiments. Both results are in good agreement with each other within the margin of error. The Rayleigh scattering at 430 nm is about 30 m which is much shorter than the reported one which was about 40 m 35 . The treatment difference is mainly coming from that only isotropic part of the Rayleigh scattering was taken into account in the previous study and then the remainder part had to be treated as the results of the process of absorption/re-emission. However, the absorption of LAB is very week if the wavelength of scintillation light is larger than 340 nm 7 . Thus for photons with wavelength of 430 nm the absorption/re-emission process in LAB should be negligible comparing to the Rayleigh scattering process.
According to Eq. (1), the shorter the Rayleigh scattering length is, the better transparency of LAB will be. The attenuation of LAB can be 20 m 11 . When the Rayleigh scattering length was 30 m or 40 m, the absorption length of LAB will be 60 m or 40 m, respectively. Therefore the shorter Rayleigh scattering length of LAB will make the energy resolution of the central detector in JUNO better than it was expected. Simulations has been shown that with the attenuation length as 20 m and the scattering length as 30 m the energy resolution of the central detector of JUNO can reach 3%/ E e + [MeV] and then satisfy the requirement of the neutrino mass hierarchy requirement 38 . 
